Background: IAP antagonists sensitize toward apoptosis induced by TNF and other TNFR family ligands. Results: IAP antagonism exerted effects on spontaneous as well as TNF-induced cytokine and chemokine production. Conclusion: IAPs regulate spontaneous as well as TNF-induced cytokine/chemokine production. Significance: IAP antagonists modulate cytokine production as well as apoptosis, which could influence their utility as adjuncts to chemotherapy.
Inhibitor of apoptosis proteins (IAPs) play a major role in determining whether cells undergo apoptosis in response to
TNF as well as other stimuli. However, TNF is also highly proinflammatory through its ability to trigger the secretion of multiple inflammatory cytokines and chemokines, which is arguably the most important role of TNF in vivo. Indeed, deregulated production of TNF-induced cytokines is a major driver of inflammation in several autoimmune conditions such as rheumatoid arthritis. Here, we show that IAPs are required for the production of multiple TNF-induced proinflammatory mediators. Ablation or antagonism of IAPs potently suppressed TNFor RIPK1-induced proinflammatory cytokine and chemokine production. Surprisingly, IAP antagonism also led to spontaneous production of chemokines, particularly RANTES, in vitro and in vivo. Thus, IAPs play a major role in influencing the production of multiple inflammatory mediators, arguing that these proteins are important regulators of inflammation in addition to apoptosis. Furthermore, small molecule IAP antagonists can modulate spontaneous as well as TNF-induced inflammatory responses, which may have implications for use of these agents in therapeutic settings.
IAPs
3 are a diverse family of proteins that have been implicated as regulators of apoptosis, mitosis, and inflammation (1) (2) (3) . Indeed, it is becoming increasingly apparent that the original designation of this protein family as inhibitors of apoptosis is overly simplistic, and evidence is accumulating to suggest that the IAPs implicated in cell death control, cIAP-1, cIAP-2, and XIAP, also play important roles as regulators of signal transduction events that promote inflammation (4 -6) . However, to date, the overwhelming majority of studies have focused on the ability of these proteins to modulate apoptosis, particularly in the context of TNF receptor engagement, and few studies have explored the role of the IAPs in the production of proinflammatory mediators. Because TNF is a major driver of inflammation in response to infection as well as in the context of inflammatory diseases (7, 8) , the role of IAPs in shaping TNF-dependent inflammatory signaling is an important unresolved question.
Engagement of the TNF receptor with its cognate ligand can result in apoptosis via a caspase-8-dependent pathway that is now relatively well understood (9, 10) . TNF-dependent apoptosis proceeds via recruitment of TRADD, FADD, and caspase-8 to the cytoplasmic tails of trimerized TNF receptors, resulting in proximity-induced autoactivation of caspase-8 (9, 11) . However, it is frequently overlooked that the majority of cell types fail to undergo apoptosis in response to TNF receptor engagement but can be sensitized through blocking NFB activation signals (12) (13) (14) (15) . The identities of the NFB-induced factor(s) that afford protection from TNF-induced apoptosis have been the subject of debate, with cIAP-1, cIAP-2, A20, and FLIP emerging as candidates. Recent evidence indicates that cIAP-1 and cIAP-2 play particularly influential roles in repressing TNFR-induced cell death signals.
Several groups have independently reported that small molecule IAP antagonists (also called Smac mimetics) can greatly sensitize cells toward TNF-dependent apoptosis (16 -19) . cIAP-1 and cIAP-2 are required for optimal TNF-induced canonical NFB activation (20) , most likely via their role as ubiquitin ligases for RIPK1, a central participant in TNF-initiated signaling (21, 22) . Therefore, antagonism of cIAP-1 and cIAP-2 activities can sensitize toward TNF-induced apoptosis, apparently through suppression of cIAP-1/2-dependent RIPK1 ubiquitination, which is required for canonical NFB activation (20, 21) . Recent studies also suggest that IAPs negatively regulate assembly of a RIPK1-containing complex, "the ripoptosome," most likely through restraining recruitment of FADD and caspase-8 to RIPK1 (23) (24) (25) .
As mentioned above, most cell types do not undergo apoptosis directly in response to TNF but require sensitization toward its proapoptotic effects through blocking NFB activation. Independent of its ability to promote apoptosis, a key aspect of TNF function is its capacity to trigger the production of a battery of proinflammatory cytokines and chemokines, thereby initiating and/or escalating immune responses. Examples of TNF-induced cytokines and chemokines include IL-6, IL-8, GM-CSF, and RANTES, which can instigate and amplify immune responses through triggering the acute phase response, recruitment of neutrophils and basophils to the site of inflammation, and by eliciting increased production of monocytes/macrophages from bone marrow. TNF-induced cytokines have both powerful and diverse effects on the immune system and overproduction of TNF is frequently associated with autoimmune conditions such as rheumatoid arthritis and Crohn disease (7) . Given the key role of TNF as a major driver of inflammation in many settings (7, 8) , agents that are capable of restraining TNF-induced cytokine production are of considerable therapeutic interest. Because IAP antagonism can dramatically alter sensitivity toward TNF-induced apoptosis, we wondered whether this could also modulate TNF-induced inflammatory cytokine production.
Here, we show that TNF-induced production of multiple proinflammatory cytokines and chemokines can be attenuated through antagonizing IAPs. Knockdown experiments revealed that cIAP-2 and RIPK1 were required for optimal TNF-induced cytokine and chemokine production. Furthermore, a small molecule IAP antagonist also inhibited the production of multiple TNF-induced inflammatory mediators. However, in the absence of TNF stimulation, IAP antagonism alone led to spontaneous production of the chemokines RANTES and IL-8 in certain cell types. These data suggest that strategies aimed at neutralizing IAPs to lower the threshold for apoptosis in cancer chemotherapy may produce outcomes that relate to the ability of such compounds to influence inflammatory cytokine production in addition to cell death. Thus, independent of their role as negative regulators of TNF-induced apoptosis, IAPs positively regulate the production of TNF-induced proinflammatory cytokines and chemokines and therefore act as important regulators of inflammation.
EXPERIMENTAL PROCEDURES
Materials-The following antibodies were used: anti-XIAP, anti-IKB␣, and anti-IKK␣ (BD Biosciences); anti cIAP-1, anticIAP-2, and anti-TNF␣ (R&D Systems); anti-phospho IKK␣/␤, anti-MEK, anti-phospho MEK, anti-ERK, anti-phospho ERK, anti-p38, anti-phospho-p38, anti-JNK, anti-phospho-JNK, and anti-p100/p52 (Cell Signaling); and anti-RIPK1 and anti-p65 (Santa Cruz Biotechnology). Recombinant TNF␣ was purchased from Roche Applied Science . BV6 was from Genentech, and Z-VAD-fmk was from Bachem. The following inhibitors were used: UO126, PD98059 (Cell Signaling); BAY117082, ERK peptide, SP600125, SB202190 (Calbiochem); and SB203580 (Invivogen). Unless otherwise indicated, all other reagents were purchased from Sigma.
Cell Culture-HeLa cells were cultured in RPMI medium (Invitrogen), supplemented with 5% fetal calf serum (FCS). HT-29 and HaCaT were cultured in DMEM medium (Invitrogen) supplemented with 10% FCS. Human umbilical vein endothelial cells (PromoCell) were cultured in endothelial cell growth medium with added growth supplement (PromoCell). Cells were cultured at 37°C in humidified atmosphere with 5% CO 2 .
Apoptosis Assays-Cells were plated at 2 ϫ 10 5 cells/well in six-well plates and treated as indicated 24 h later. Apoptosis was enumerated based on cell morphology (cell rounding, detachment from the plate, nuclear condensation, and presence of apoptotic bodies) and by flow cytometry-based annexin V/propidium iodide staining). A minimum of 300 cells was counted in each treatment. Each assay was repeated a minimum of three times.
Measurement of Cytokines and Chemokines-Cells were plated at 2 ϫ 10 5 cells/well in six-well plates and treated as indicated 24 h later. Cytokines and chemokines were measured from cell culture supernatants using specific paired antibody ELISA kits obtained from R&D Systems (human TNF, human MCP-1, human sICAM-1, human RANTES, human GM-CSF, mouse G-CSF, mouse M-CSF, mouse KC, mouse IL1␣); eBiosciences (human IL-6, human IL-8, and mouse MCP-1); Promokine (human CXCL1, mouse IL-6); and Peprotech (mouse RANTES). Each assay was repeated a minimum of three times, and all cytokine assays were carried out using triplicate samples from each culture.
Western Immunoblotting-Cell lysates were prepared using SDS-PAGE loading buffer and were electrophoresed on 8 -12% SDS-PAGE gels. Protein expression was examined by Western immunoblotting.
Transfection-To examine the effect of RIPK1 and IAP overexpression, HeLa cells were plated at 2 ϫ 10 5 cells/well in sixwell plates. After 24 h, cells were transfected using GeneJuice (Merck) with the following plasmid constructs: pRK.FLAG. RIPK1, pEBB.HA.cIAP1, pEBB.HA.cIAP2, and pEBB.HA.XIAP.
RNA Interference-To ablate RIPK-1, RIPK3, cIAP-1, cIAP-2, XIAP, p100, and p65 expression in HeLa cells, cells were transfected with 100 nM siRNA using nucleofection (Amaxa) as per the manufacturer's instructions and then seeded at 1 ϫ 10 5 in six-well plates. After 48 h, cells were treated with TNF, BV6, or transfected with a RIPK1 cDNA. siRNA sequences were as follows: cIAP-1-1, 5Ј-ggcaaaugcugcggccaaca-3Ј (sense); cIAP-1-2, 5Ј-uucguacauuucucucuuua-3Ј (sense); cIAP-2-1, 5Ј-guucaagccaguuacccuc-3Ј (sense); cIAP-2-2 5Ј-aagugguagggacuugugc-3Ј (sense); XIAP-1-1, 5Ј-gugguaguccuguuucagc-3Ј (sense); XIAP-1-2, 5Ј-gcaguugacaaguguccca-3Ј (sense); RIPK-1-1, 5Ј-ggagcaaacugaauaaugaagagca-3Ј (sense); RIPK-1-2, 5Ј-guacuccgcuuucuguaaa-3Ј (sense); RIPK-3, 5Ј-uaacuugacgcacgacauc-3Ј (sense); p100-1, 5Ј-cagccuaagcagagaggcu-3Ј (sense); p100-2, 5Ј-gaugaagauugagcggccu-3Ј (sense); p65-1, 5Ј-gauugaggagaaacguaaa-3Ј (sense); p65-2, 5Ј-gcccuaucccuuuacguca-3Ј (sense). Animals-C57BL/6 mice were purchased from Harlan. Animal experiments were in accordance with the regulations of the Trinity College Dublin ethics committee and the Irish Department of Health.
RESULTS
Several groups have independently demonstrated that small molecule IAP antagonists greatly sensitize many cell types to TNF-induced apoptosis (16 -19) . However, because a major role of TNF in vivo is to promote the production of proinflammatory cytokines and chemokines in the context of innate immune responses, we wondered whether IAPs are also capable of influencing TNF-dependent inflammatory responses.
TNF Induces the Production of Multiple Cytokines in the
Absence of Apoptosis-To explore the role of IAPs as regulators of inflammatory cytokine production, we initially used HeLa cells, which are insensitive to the apoptosis-inducing effects of TNF in common with numerous other cell types (Fig. 1A) . However, HeLa cells can be sensitized to TNF-induced apoptosis through addition of transcriptional/translational inhibitors that block the actions of TNF-induced NFkB activation (Fig.  1A) . Under conditions where TNF failed to induce apoptosis, HeLa cells secreted large amounts of IL-6, IL-8, CXCL1/KC, MCP-1, and RANTES (regulated on activation normal T cell expressed and secreted) in response to TNFR stimulation (Fig.   FIGURE 2 . TNF-induced cytokine production is attenuated through inhibition of IAPs. A, HeLa cells were pretreated for 2 h with BV6 (4 M) in the presence or absence of Z-VAD-fmk (20 M), followed by stimulation with TNF at the indicated concentrations. After 24 h, apoptosis was determined by morphological assessment. Data represent triplicate counts of a minimum of 300 cells per treatment. B-F, cytokine concentrations in the culture supernatants from A were determined by ELISA. G, HeLa cells were pretreated for 2 h with Z-VAD-fmk (20 M), followed by stimulation with TNF at the indicated concentrations. After 24 h, cytokine concentrations in the culture supernatants were determined by ELISA. Results shown are representative of at least three independent experiments. Error bars represent the mean Ϯ S.E. of triplicate determinations from a representative experiment.
1, B-F).
Thus, independent of its ability to provoke apoptosis, TNF is capable of triggering the production of diverse proinflammatory cytokines and chemokines.
TNF-induced Cytokine Production Can Be Inhibited through Antagonism of IAPs-To explore the role of IAPs in TNF-induced cytokine and chemokine production, we used a bivalent small molecule IAP antagonist (BV6) that was previously shown to promote the rapid degradation of cIAP-1 and cIAP-2 (16). Consistent with this, BV6 promoted essentially complete degradation of cIAP-1, cIAP-2, as well as XIAP (Fig. 1G) and greatly sensitized HeLa cells to the apoptosis-inducing effects of TNF (Fig. 1, H and I) .
We then explored the impact of IAP antagonism on TNFinduced cytokine production. HeLa cells were stimulated with TNF in the presence or absence of IAP antagonist and, as before, this greatly sensitized toward TNF-induced apoptosis, which was completely suppressed through addition of the polycaspase inhibitor Z-VAD-fmk ( Fig. 2A) . Importantly, TNF-induced production of IL-6, IL-8, CXCL1, MCP-1, and RANTES were profoundly inhibited through addition of IAP antagonist (Fig. 2, B-F) . This strongly suggests that IAPs are required for optimal TNF-induced cytokine production, consistent with previous observations that IAPs are required for canonical NFB activation upon TNFR ligation (20) . Because TNF induced widespread apoptosis in the presence of the IAP antagonist ( Fig. 2A) , it was possible that TNF-induced cytokine production was impaired merely as a consequence of cell death, leading to a decline in transcription/translation, rather than as a direct consequence of IAP antagonism. However, under conditions where TNF/BV6-initiated cell death was completely suppressed by Z-VAD-fmk ( Fig. 2A) , TNF-induced cytokine and chemokine production were still inhibited in the presence of BV6 (Fig. 2, B-E) . The exception to this was RANTES, the production of which was robustly increased upon blocking cell death with Z-VAD-fmk (Fig. 2F) . Indeed, the levels of this chemokine seen in response to TNF/BV6/Z-VAD-fmk treatment exceeded those seen in response to TNF alone (Fig. 2F) . Note that Z-VAD-fmk-treatment alone failed to influence TNF-induced cytokine production (Fig. 2G) .
TNF-induced Cytokine Production Can Be Suppressed without Sensitizing toward Apoptosis-To further separate the effects of IAP antagonism on TNF-induced apoptosis versus TNF-induced cytokine production, we screened a panel of cell types for lack of sensitization to TNF-induced apoptosis in the presence of IAP antagonist (data not shown). These experiments revealed that primary human umbilical vein endothelial cells fail to be sensitized toward the apoptosis-inducing effects of TNF through addition of BV6 (Fig. 3, A and B) . This enabled us to resolve whether inhibition of IAPs suppressed TNF-induced cytokine production completely independent of sensitization toward apoptosis. As Fig. 3, C-H , illustrates, BV6 inhibited TNF-induced production of IL-6, IL-8, CXCL1, GM-CSF, sICAM, and RANTES in primary human umbilical vein endothelial cells, despite failing to sensitize these cells toward TNFinduced apoptosis under the same conditions (Fig. 3, A and B) . These data again argue that IAPs are required for optimal TNFinduced proinflammatory cytokine and chemokine production and that synthetic IAP antagonists can influence this important aspect of TNF function.
IAP Antagonism Can Lead to Spontaneous Production of Chemokines-In contrast to the general suppression of TNFinduced cytokine and chemokine production observed in the presence of IAP antagonist, treatment of HeLa cells with BV6 alone led to spontaneous production of RANTES above basal levels (Fig. 2F) . Indeed, RANTES production was further enhanced through inhibition of caspase activity in the presence of BV6 (Fig. 2F) . To explore this observation further, we assessed the production of several cytokines and chemokines in response to BV6 treatment in HeLa, HaCaT, and HT-29 cell lines (Fig. 4, A-C) . These experiments revealed that RANTES, as well as IL-8 to a lesser degree, were consistently induced in the presence of IAP antagonist alone (Fig. 4, A-C) , in contrast to the generally suppressive effects seen in response to TNFinduced production of these chemokines (Fig. 2) . Moreover, this effect was observed in several independent cell lines (Fig. 4,  A-C) . IAP antagonist-induced expression of RANTES did not appear to be due to TNF production because this was not attenuated through addition of neutralizing anti-TNF antibodies (Fig. 4, A-C) . Thus, interfering with cellular IAPs can produce complex alterations to the pattern of spontaneous as well as TNF-induced production of cytokines and chemokines.
IAP antagonists have been shown to promote NIK stabilization as a consequence of cIAP-1 and cIAP-2 degradation, both of which appear to contribute to constitutive degradation of this kinase (16) . Therefore, we considered the possibility that BV6-induced chemokine production may be due to the activation of NIK-dependent non-canonical NFB activation (16) . To explore this, we monitored the processing of NFB2 p100 to p52 during BV6 treatment and confirmed that this indeed occurred in parallel with RANTES production (Fig. 4D) , suggesting that non-canonical NFB activation was responsible for FIGURE 4. IAP antagonism can lead to spontaneous production of chemokines. A-C, the indicated cell lines were pretreated with neutralizing anti-TNF antibodies (1 g/ml) for 1 h, followed by addition of BV6 at the indicated concentrations. 24 h later, apoptosis was determined by morphological assessment and cytokine/chemokine concentrations in the culture supernatants were determined by ELISA. D, HeLa cells were seeded at 1 ϫ 10 6 in 6-cm plates. The following day, cells were treated with BV6 (2 M). At the indicated time points, cell lysates were analyzed by immunoblotting for levels of endogenous p100/p52 and IKB␣, whereas RANTES was measured in the corresponding supernatants by ELISA. E, HeLa cells were transfected either with non-silencing siRNA (NS) or siRNAs targeted against p65, RIPK1, or p100, and 48 h later, cells were treated with BV6 (2 M). After a further 48 h, cell lysates were analyzed by immunoblotting for the indicated proteins, and RANTES concentrations in the supernatants were determined by ELISA. Results shown are representative of at least three independent experiments. Error bars represent the mean Ϯ S.E. of triplicate determinations from a representative experiment. oligo, oligonucleotide.
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chemokine production as a result of BV6 treatment. However, knockdown of p100 failed to suppress BV6-induced RANTES production, whereas knockdown of RelA/p65 sharply attenuated production of this chemokine under the same conditions (Fig. 4E ). This suggests that BV6 induces a complex route to selective NFB p65 activation, possibly due to the elimination of p100, which as been reported to act as a bona fide inhibitor of a fraction of cytoplasmic RelA/p65 (26) .
TNF-dependent Cytokine Production Is Regulated through RIPK1-cIAP-1 and cIAP-2 have been implicated as regulators of RIPK1 polyubquitination and recruitment of downstream signaling intermediates in the context of TNFR signaling (21, 27). Because the preceding experiments found that IAP neutralization broadly suppressed TNF-induced cytokine production, this suggested that RIPK1 was important in this context. Thus, we asked whether knockdown of RIPK1 could also inhibit TNF-induced cytokine production. As Fig. 5A shows, silencing of RIPK1 with two different siRNAs greatly attenuated TNFinduced IL-6, IL-8, and CXCL1 production, suggesting that this kinase is required for the proinflammatory effects of TNFR stimulation. Consistent with this, transient overexpression of RIPK-1 also promoted production of IL-6, IL-8, CXCL1, MCP-1, and RANTES from HeLa cells (Fig. 5B) . Moreover, inhibition of RIPK1-induced apoptosis using Z-VAD-fmk potentiated production of the latter cytokines, as expected (Fig.  5B) . RIPK1-induced production of IL-8 and CXCL1 was robustly inhibited through addition of BV6 (Fig. 5C) , although once again, we observed that BV6 enhanced RANTES expression.
Because RIPK1 activity is required for TNF-induced cytokine production as illustrated above, we next explored whether RIPK1-induced production of IL-6, IL-8, and CXCL1 could be enhanced through co-expression of cIAP-1, cIAP-2, or XIAP. As Fig. 5D illustrates, co-transfection of cIAP1, cIAP-2, or XIAP along with RIPK1 led to enhanced IL-6, IL-8, and CXCL1 production.
Knockdown of cIAP-2 Attenuates RIPK1-and TNF-induced Cytokine Production-We next explored whether all three IAPs were required for optimal RIPK1-dependent production of cytokines through knocking down endogenous cIAP-1, cIAP-2, and XIAP, followed by transfection of RIPK1 (Fig. 6A) . As Fig.  6A illustrates, knockdown of cIAP-2 had the greatest effect on RIPK1-induced cytokine production, with knockdown of both cIAP-1 and cIAP-2 having a greater effect than either alone. By contrast, knockdown of XIAP resulted in only a modest decrease in RIPK1-dependent cytokine production (Fig. 6A) . These data suggest that RIPK1-dependent cytokine production requires endogenous cIAP-1 and cIAP-2.
To confirm the identity of the endogenous IAPs required for optimal TNF-induced cytokine production, we again silenced expression of endogenous XIAP, cIAP-1, or cIAP-2 using specific siRNAs, followed by TNF stimulation. Similar to the effects of using IAP antagonist (BV6), knockdown of cIAP-2 attenuated TNF-induced IL-6, IL-8, and CXCL1 secretion and sensitized toward TNF-induced apoptosis (Fig. 6B) . Taken together, these data argue that cIAP-2 in particular is important for optimal TNF-induced cytokine production.
Several TNF-induced Kinases Are Suppressed through IAP Antagonism-TNF promotes the production of proinflammatory cytokines and chemokines through activating several kinases, including IKK kinases, p38MAPK, MEK/ERK, and JNK. Because TNF-induced cytokine production was attenuated through IAP antagonism, this suggested that one or more TNF-induced kinases failed to be activated upon loss of IAPs.
To explore this issue, we monitored TNF-induced signal transduction events in the presence and absence of IAP antagonist. As Fig. 7A illustrates, TNF-induced activation of NFB, MEK/ ERK, p38MAPK, and JNK were all greatly attenuated in the presence of BV6. Furthermore, using a panel of kinase inhibitors (Fig. 7, B and C) , similar inhibition of TNF-induced IL-6 and IL-8 production was also observed due to inhibition of p38MAPK and of MEK/ERK to a lesser degree (Figs. 7B and  6C) . Thus, neutralization of IAPs suppresses TNF-induced production of cytokine and chemokines, most likely as a consequence of interfering with the activation of multiple kinases downstream of TNF receptor engagement.
IAP Antagonism Can Influence TNF-induced Inflammatory Responses in Vivo-We next explored whether IAP antagonism could influence the pro-inflammatory effects of TNF in vivo by administering recombinant TNF into the peritoneal cavity of wild type mice in the presence and absence of BV6. As expected, TNF-treatment led to a rapid influx of neutrophils into the peritoneum (Fig. 8, A-C) , along with elevated levels of IL-6, MCP-1, M-CSF, G-CSF, RANTES, and IL-1␣ (Fig. 8D) . However, TNF-induced recruitment of neutrophils was slightly enhanced in the presence of BV6, and treatment with this IAP antagonist alone also elevated neutrophil counts in the peritoneum (Fig. 8, A-C) . The latter observation correlated with elevated production of the granulocytic chemokine, RANTES, in the peritoneal lavage fluid (Fig. 8D) , consistent with what we had earlier observed in vitro (Fig. 4) . Furthermore, co-administration of BV6 with TNF robustly inhibited TNF-induced IL-6 production ( Fig. 8D) , with more modest inhibitory effects observed with MCP-1 and M-CSF, whereas production of other cytokines and chemokines was either unaffected or slightly enhanced due to BV6 co-administration (Fig. 8D) . Once again, these data demonstrate that interfering with IAP function can influence spontaneous as well as TNF-driven inflammatory responses.
Collectively, these data indicate that, in addition to their role as arbiters of cell death, IAPs also contribute to the regulation of spontaneous as well as TNF-induced cytokine and chemokine production, a property that may have significant implications for use of IAP antagonists as therapeutic agents.
DISCUSSION
Here, we have shown that interfering with IAP function, either through knockdown of IAPs or use of a small molecule IAP antagonist (BV6), can influence TNF-induced production of a range of proinflammatory cytokines and chemokines such as IL-6, IL-8, GM-CSF, CXCL1, and RANTES. These effects were independent of the ability of IAP antagonists to sensitize target cells toward apoptosis. However, IAP antagonism also led to spontaneous production of chemokines, such as RAN-TES, both in vitro as well as in vivo. Furthermore, knockdown of endogenous IAPs also attenuated TNF-induced inflammatory responses. A number of chronic inflammatory conditions such as rheumatoid arthritis, Crohn disease, and psoriasis are associated with overproduction of TNF (8) . Consequently, biologics such as anti-TNF antibodies capable of inhibiting the actions of this cytokine exhibit considerable therapeutic benefit (28, 29) . TNF exerts its pathologic effects in such conditions through a cascade effect, which elicits the production of additional cytokines and chemokines from a variety of cell types, thereby provoking further escalation of immune responses. Our observations that small molecule IAP antagonists can attenuate some of the proinflammatory effects of TNF suggest that targeting IAPs may be a useful strategy in inflammatory diseases. However, the observation that IAP antagonism can also lead to spontaneous production of chemokines, such as RANTES and IL-8, from certain cell types, both in vitro as well as in vivo, is a potentially significant complicating factor for the use of such agents. The latter effects may be due to the activation of a fraction of RelA/p65 as a consequence of NIK-dependent p100 processing to p52 (Fig.  4, D-E) . IAP antagonists have been shown to promote NIK stabilization as a consequence of cIAP-1 and cIAP-2 degradation, both of which appear to contribute to constitutive degradation of this kinase (16, 30) . However, p100 was not required for BV6-induced RANTES production, apparently ruling out a role for non-canonical NFB here. Surprisingly, RelA/p65 was involved in spontaneous RANTES production upon treatment with BV6 alone (Fig. 4E ). This suggests that IAP antagonists can induce a complex route to RelA/p65 activation, possibly due to the elimination of p100, which has been reported to act as a bona fide inhibitor of a fraction of cytoplasmic RelA/p65 (26) . Further studies will be required to resolve this issue.
IAP antagonists are also under investigation for their ability to provoke apoptosis in tumor cell types, either as single agents or in combination with other cytotoxic drugs. Where IAP antagonists display single agent efficacy, this has been shown to be due to sensitization of such tumors to a TNF-dependent autocrine loop where cells increase TNF production and become sensitized to this cytokine due to elimination of the IAP-mediated survival pathway (16 -19) . TNF has also been implicated in promoting tumor initiation and progression via a process dubbed "smoldering inflammation," which can recruit cells of the innate immune system to the tumor site as a consequence of production of cytokines and chemokines such as IL-6 and IL-8 (31) . Innate immune cells such as neutrophils and macrophages are capable of provoking further mutations as a consequence of the production of reactive oxygen and can affect tumor progression through release of additional growth promoting cytokines and chemokines such as IL-6, IL-8, and CXCL1/KC, which can have direct effects on tumor cell proliferation, resistance to apoptosis, and can instigate a wound healing response that can promote local neovascularization. Thus, the use of agents that can suppress the proinflammatory effects of TNF, in addition to sensitizing tumor cells toward apoptosis, can simultaneously achieve two desirable goals at once: lowering the threshold for apoptosis and breaking the inflammatory cycle that can permit tumor progression and metastasis.
RIPK1 is likely to be the key target of IAPs in the TNF pathway to cytokine production. Indeed, we have also shown here that knockdown of RIPK1 greatly attenuated TNF-induced cytokine production. Moreover, overexpression of RIPK1 was sufficient to promote the production of several proinflammatory chemokines (Fig. 5B) . In this regard, it is interesting to note that the RIPK1-related kinase, RIPK3, has been implicated in a proinflammatory form of cell death that has been dubbed necroptosis (32, 33) . However, studies on RIPK3-dependent necroptosis have assumed that necroptosis induces a proinflammatory state due to cell rupture and the release of endogenous alarmins (34) . However, it is equally possible that deregulated RIPK3 activation may also lead to the transcriptional induction of conventional cytokines and chemokines, as we have shown here for RIPK1. Thus, necroptosis may be highly proinflammatory due to enhanced RIPK1/RIPK3-driven inflammatory cytokine production, rather than necrosis-associated alarmin release. Further studies will be required to resolve this issue.
In summary, independent of their role as inhibitors of apoptosis, our findings suggest that IAPs are important regulators of TNF-induced inflammatory cytokine and chemokine production. Thus, IAPs serve as key arbiters of inflammation as well as apoptosis.
